Background. Airway-colonization by Staphylococcus aureus predisposes to the development of ventilator-associated tracheobronchitis (VAT) and ventilator-associated pneumonia (VAP). Despite extensive antibiotic treatment of intensive care unit patients, limited data are available on the efficacy of antibiotics on bacterial airway colonization and/or prevention of infections. Therefore, microbiologic responses to antibiotic treatment were evaluated in ventilated patients.
Ventilator-associated pneumonia (VAP) is a life-threatening disease. Consequently, several preventive strategies, often implemented as a bundle, have been tested to decrease VAP incidence [1] . One of the most common causative pathogens of VAP is Staphylococcus aureus.
The endotracheal tube significantly reduces tracheobronchial mucus flow, resulting in retained secretions. Heavy bacterial airway colonization that can be assessed by quantitative or semiquantitative microbiological analysis of respiratory samples (such as endotracheal aspirate, bronchoalveolar lavage, or protected specimen brush) is a significant predisposing factor for the development of VAP [2, 3] . Therefore, reducing the S. aureus burden on mucosal surfaces would be expected to reduce the rate of progression to VAP [4] [5] [6] . Ventilator-associated tracheobronchitis (VAT) is considered to be an intermediate process between lower respiratory tract colonization and VAP, and several studies suggest that 20% to 30% of patients with VAT progress to VAP [7] . There are controversial data as to whether early appropriate therapy of VAT prevents progression to VAP [7, 8] . Moreover, the diagnosis of VAT is not trivial due to difficulties in differentiating VAT from colonization or VAP (low sensitivity of chest portable radiographs, patients with radiographic abnormalities). Treatment guidelines do not recommend antibiotics for airway colonization in mechanically ventilated patients. Despite this, many patients on mechanical ventilation receive antibiotics either as a defensive strategy to prevent potentially life-threatening infections or as a response to symptoms that indicate infection (e.g., fever and leukocytosis). Oxacillin is the most commonly used antibiotic against methicillin-susceptible S. aureus (MSSA), while most methicillin-resistant S. aureus (MRSA) infections are treated with vancomycin or linezolid. Due to the high prevalence of MRSA in the United States, MSSA-infected patients are often treated with vancomycin, typically as a result of initiation of empiric antibiotic therapy.
Since no information is available on the effectiveness of antibiotics in altering lower airway colonization, we analyzed the microbiological response to antibiotics active against S. aureus determined by semiquantitative (SQ) bacterial assessment in serially collected endotracheal aspirate (ETA) samples of ventilated patients.
METHODS

Study Population
ETA samples from 231 patients hospitalized between May 2010 and December 2010 in 3 intensive care units (ICUs) at the Lahey Hospital and Medical Center (Burlington, Massachusetts) were collected for a previously published study [4] .
The SQ bacterial burden in the lower airways was determined in 1258 ETA samples obtained from the 231 patients. SQ counts revealed "heavy colonization" defined as moderate (3+) or many (4+) bacteria, which relates to ≥10 5 to 10 6 colony-forming units/mL by quantitative ETA analysis [3, 4] . SQ counts below these thresholds represent "light colonization. " The microbial characteristics of study patients' isolates were described previously [9] . Forty-eight patients were included in this study based on S. aureus-positive ETA samples and treatment with S. aureusrelevant antibiotics (vancomycin, oxacillin, linezolid) for at least 2 consecutive days. Clinically customary doses of these antibiotics were administered intravenously. Unless the physician ordered the microbiological analysis for diagnostic purposes, pathogens identified in the daily ETA specimens were not reported to the treating physicians and therefore did not influence antibiotic choices. Serum levels of antibiotics were not determined.
Bacterial burden and antibiotic treatment were monitored for each patient daily during the study period and reviewed retrospectively. Microbial response to antibiotic treatment was defined as the reduction of S. aureus burden from heavy to light or no colonization upon treatment with S. aureus-active antibiotics.
A total of 292 ETA samples from 56 patients contained S. aureus. Seven of these patients were treated with S. aureusactive antibiotics for fewer than 2 consecutive days and 1 patient was reported with S. aureus community-acquired pneumonia at admission. Therefore, these 8 patients were excluded from subsequent analyses, resulting in 21 study patients positive for MRSA and 27 study patients positive for MSSA.
Diagnosis of VAT was based on heavy colonization and at least 2 of the following 3 additional clinical criteria: fever or hypothermia, leukocytosis or leukopenia, and purulent respiratory secretion. VAP was diagnosed as for VAT with additional new infiltrate on chest radiographs.
Normal respiratory flora (NRF) in ETA samples were reported and classified by recovery of microorganisms such as α-hemolytic Streptococcus spp., apathogenic Neisseria spp., Corynebacterium spp., Bacteroides spp., Fusobacterium spp., Spirochaetes, and Candida spp.
The Lahey Clinic Institutional Review Board approved the research protocols.
Microbial Genetics and Antimicrobial Susceptibility Testing
Strains were cultured and maintained using standard microbiological procedures. Hemolysis profiling and genotyping (multilocus sequence typing (MLST), spa-typing) of this collection were published previously [9] . The antimicrobial susceptibility of S. aureus isolates was determined as minimum inhibitory concentrations (MICs) for vancomycin, linezolid, oxacillin, cefepime, ceftriaxone, and ciprofloxacin, tested by agar diffusion (Etest, bioMérieux, Austria) in accordance with the actual European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines for clinical breakpoints of microbial resistance.
Statistical Data Analyses
Data were analyzed by group comparison based on 2-tailed, unpaired t test with Welch's correction and Fisher exact 2-tailed probability tests using Prism 6 software (GraphPad, La Jolla, California). Methods used for each dataset are described in the text and the figure legends.
RESULTS
Low Efficacy of Antibiotics Against MRSA and MSSA Airway Colonization and in Preventing VAT or VAP
Staphylococcus aureus-positive ETA samples were recovered from 56 of the 231 patients enrolled; all patients were treated with antibiotics. Forty-eight of these 56 patients received anti-S. aureus relevant antibiotics for at least 2 consecutive days before ETA sampling was included in this study (Supplementary Figure 1) . MSSA and MRSA isolates were recovered from 27 and 21 patients, respectively. Nine of the 48 patients were co-colonized by other bacterial species; some of them are potential pathogens (eg, Klebsiella spp., Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Acinetobacter baumannii, and Serratia marcescens). Patient demographics and baseline characteristics are provided in Table 1 . As reported previously for patients from this study [9] , significantly more VAP patients were infected with MSSA than with MRSA strains. Furthermore, S. aureus VAP patients spent significantly more time on a ventilator in the ICU and the hospital than those diagnosed with S. aureus VAT or colonization. The Charlson comorbidity index was not higher in VAP patients. Because no significant differences in other baseline characteristics were found between the MSSA and MRSA colonized patients, the study-patient population was not further stratified.
Heavy colonization developed early during mechanical ventilation; in 60% of patients, it was detected by day 4 and in 92% of patients during the first 8 days post-intubation. No significant 
Confounding Factor
Chronic obstructive pulmonary disease, n (%) difference was observed in the temporal patterns of MSSA and MRSA colonization (Figure 1) . Eighteen of the 21 patients with MRSA colonization were treated with vancomycin for at least 2 consecutive days (Table 2) . However, only 1 of them showed reduced bacterial burden in the serial ETA samples. The 3 MRSA patients who received linezolid did not have a microbiological response ( Table 2) . Vancomycin was also used in 15 patients colonized by MSSA; 9 of these were nonresponders to vancomycin treatment. In the remaining 6 patients who exhibited a decreasing tendency in bacterial counts (from heavy to light), vancomycin was used in combination with other S. aureus-active antibiotics such as penicillins (oxacillin or nafcillin), cephalosporins (cefepime, cefazoline, or ceftriaxone), or fluoroquinolones (ciprofloxacin or levofloxacin; Table 2 ). The 7 S. aureus-colonized patients, excluded from the analysis due to treatment with antibiotics for fewer than 2 consecutive days, were also treated with vancomycin, and 2 of the 3 MSSA-colonized patients were treated with oxacillin in addition to vancomycin.
Oxacillin was used in 9 patients with MSSA in their ETA (7 diagnosed with VAP); 2 of them showed no response. In 7 patients the S. aureus burden was reduced during antibiotic treatment; 6 of these patients received combinations of up to 3 additional antibiotics such as vancomycin, ciprofloxacin, cefepime, ceftriaxone, levofloxacin, imipenem, and metronidazole (Table 2) .
Despite appropriate antibiotic treatment for at least 2 consecutive days, 13 VAT cases and 15 VAP cases were diagnosed among the 39 patients colonized only by S. aureus. Five of the 13 patients (38.5%) diagnosed with S. aureus VAT progressed Figure 2 ).
Long-term ventilated patients provided multiple samples (more than 8) and were analyzed in more detail (representative patients listed in Supplementary Figure 2) . Without exception, these patients were exposed to several different antibiotics simultaneously. In most cases the heavy colonization by MSSA or MRSA could not be eliminated or was only temporarily eliminated, and VAT and/or VAP still developed in spite of longterm exposure to antibiotics ( Supplementary Figure 2A-F) .
To investigate whether the low efficacy of antibiotics originated from a decreasing susceptibility of S. aureus upon exposure during colonization, the antibiotic susceptibility profile of the first and last isolates from these patients (collected up to 14 days apart) was determined. Agar diffusion tests performed according to the EUCAST guidelines revealed that none of the isolate pairs displayed an MIC creep or change in antibiotic susceptibility over time. We also compared the vancomycin MIC values of isolates from responders with those of nonresponders and did not detect any significant differences or trend toward higher MICs in nonresponders (Table 2) .
Airway Colonization by MRSA and MSSA Reduces the Normal Respiratory Flora
We observed that microorganisms constituting the NRF, such as α-hemolytic Streptococcus spp., apathogenic Neisseria spp., Corynebacterium spp., Bacteroides spp., Fusobacterium spp., Spirochaetes, and Candida spp., were often absent in ETA samples that contained heavy S. aureus burden. Analysis of NRF and S. aureus in all ETA samples of the 231 study patients revealed an inverse correlation. Heavy colonization (SQ of 3+ or 4+) either by MRSA (P = .0014) or MSSA (P < .0001) was associated with an approximately 50% reduction in NRF positivity of ETA samples (Figure 3) .
Since the observed inverse correlation between S. aureus burden and NRF positivity may be related to treatment with S. aureus-active antibiotics, we analyzed the effect of relevant antibiotics on the recovery of NRF from ETAs. Importantly, antibiotic treatment per se did not have a significant negative effect on NRF (data not shown).
DISCUSSION
In this study we show that development of heavy colonization of the airways by S. aureus is an early event during mechanical ventilation. This was assessed by SQ microbiological analysis of endotracheal aspirates, which is a noninvasive respiratory culture sampling method that is recommended for detecting significant airway colonization to support VAP diagnosis by the 2016 Infectious Diseases Society of America and the American Thoracic Society guidelines [2] . An important finding of this study is the low efficacy of antibiotic treatment to reduce S. aureus colonization of the lower airways in ventilated patients and to prevent progression from colonization to VAT and VAP. This was particularly true for vancomycin, which was similarly ineffective at reducing or clearing MRSA or MSSA colonization. Treatment with oxacillin, which is the appropriate antibiotic for MSSA infections, was more effective at reducing heavy MSSA colonization; however, in most cases it was administered in combination with other antibiotics and therefore its sole efficacy could not be assessed. Nevertheless, one third of the patients still did not respond with a reduced MSSA burden to oxacillin, and in several patients, VAT and VAP developed despite oxacillin treatment.
Our observation is in line with previous findings that demonstrated the superiority of oxacillin over vancomycin against MSSA both in vitro and clinically [10] [11] [12] . Vancomycin displays lower tissue penetration and serum and alveolar lining fluid concentration levels, as well as diminished bactericidal activity against MRSA with higher MICs (>1 mg/mL) than other S. aureus-active antibiotics such as linezolid [13] [14] [15] [16] . In this study, samples were collected in 2010, and only 3 study patients were treated with linezolid; therefore, the effectiveness of vancomycin compared to linezolid could not be determined. However, the 3 patients treated with linezolid (for 5 to 11 days) did not respond with a reduced MRSA burden to linezolid.
Decreased susceptibility of S. aureus isolates to antibiotics was not observed based on MIC values even after 10 days of treatment; therefore, it does not explain the lack of efficacy of antibiotics on S. aureus colonization. A more likely explanation is that antibiotics do not reach therapeutic concentrations in the alveolar lining fluid. Importantly, MIC values determined in vitro on agar plates or rich culture media are crude surrogates of antibiotic susceptibility and have limitations for extrapolation to in vivo. Moreover, in mechanically ventilated patients, several factors can affect bacterial clearance, most importantly the presence of the endotracheal tube, its colonization by microorganisms, and inflammation, all of which promote biofilm formation [17, 18] . Biofilm formation that is a well-recognized virulence mechanism seems to be central to the development of persistent colonization and infection in the airways. Soon after intubation, the endotracheal tube becomes colonized by microorganisms present in the oropharynx that form a biofilm on its surface [19] [20] [21] . Bacterial biofilms are surface-attached communities of cells encased within a self-produced extracellular polysaccharide matrix that shelters bacteria from host defense mechanisms. The most likely mechanisms of the observed resistance to antibiotic treatment are the reduced drug penetration into biofilms and decreased bacterial multiplication, which is especially relevant for the efficacy of antibiotics that target the cell wall. Gram-negative bacterial species such as P. mirabilis, E. coli, P. aeruginosa, Klebsiella spp., and A. baumannii were also isolated from the 231 ventilated patients in this study. In the vast majority of these patients (25 of 27), heavy colonization with gram-negative bacteria was also not reduced by appropriate antibiotic treatment (data not shown), confirming that low efficacy of antibiotics on mucosal surfaces is a general phenomenon and not limited to S. aureus. In line with this conclusion, we also did not observe any obvious effect of antibiotic treatment on the overall recovery of NRF from ETA samples. However, the presence of NRF species was inversely correlated with the levels of MSSA and MRSA burden. As the exact composition of the NRF was not recorded, the detailed effects on individual NRF species, that is, a change of the ratio of recovered gram-positive and gram-negative species, could not be evaluated. These data suggest a competition between commensals and S. aureus during colonization of the lower airways. Whether the lack or reduced presence of NRF in the lower airways predisposes for S. aureus colonization or S. aureus overgrows and outcompetes commensals cannot be concluded based on this study but certainly warrants further investigation. This is especially true in light of recent publications that indicate that microbe-microbe interactions between S. aureus and human commensal bacteria affect S. aureus behavior. Altered gene expression, notably diminished S. aureus exotoxin expression, has been observed in the presence of commensal Corynebacterium spp. [22] . Staphylococcus lugdunensis, another commensal bacterium, was reported to interfere with S. aureus colonization through the production of the antibiotic-like compound lugdunin [23] . Data suggest that S. aureus also interacts with opportunistic pathogens such as P. aeruginosa and Klebsiella spp. [24] [25] [26] . One possible mechanisms is via the action of the best-characterized S. aureus virulence factor, alpha-hemolysin, which is shown to enhance biofilm formation [27] . It was elegantly demonstrated in experimental animal models that an alpha-hemolysin neutralizing monoclonal antibody reduced the rate of lung infections caused by opportunistic gram-negative pathogens [28] .
We are aware of the limitations of our study: the observational nature, the low patient number, and single study center. The potential variability in culturing and quantification techniques among clinical microbiology laboratories and the temporal and geographical changes in S. aureus genotypes certainly call for broader studies. The strength of our study is the wellcharacterized patient cohort and the daily microbiological analyses of ETA samples.
We found that 38% of the ventilated patients colonized by S. aureus (without co-colonization by other pathogens) developed pneumonia, despite treatment with appropriate antibiotics for at least 2 consecutive days. This raises the question: what alternative or adjunct approaches to antibiotics could be considered to address the high risk of progression to pneumonia in ventilated patients heavily colonized with S. aureus? It has been demonstrated by multiple in vitro and in vivo studies that exposure to certain antibiotics can upregulate the cytotoxin production of S. aureus [29] [30] [31] [32] [33] . This is expected to be particularly relevant when antibiotics do not control bacterial growth efficiently, which is the scenario suggested by our study. Secreted cytotoxins of S. aureus include alpha-hemolysin that damages lung epithelial cells and promotes biofilm formation and systemic spread [34] , as well as leukocidins that lyse phagocytic cells and thus interfere with the elimination of S. aureus by the immune system [35] . High alpha-hemolysin-expressing S. aureus isolates were associated with progression to pneumonia in our previous study with patients also included in this study [9] . Leukocidins have been shown to contribute to pneumonia pathogenesis in rabbit models [36, 37] . Panton-Valentine leukocidin expression by community-associated MRSA (CA-MRSA) strains is considered to be associated with their propensity to cause necrotizing pneumonia [38] .
Several studies reported synergistic effects of cytotoxin neutralizing antibodies in combination with MRSA and MSSA relevant antibiotics [39, 40] . Since cytotoxin neutralizing antibodies do not elicit a direct bactericidal effect, the mode of action of protection in pneumonia is the prevention of lung and epithelial barrier damage, as well as rescuing the leukocytes at the site of infection and thus enhancing the clearance of S. aureus. Several clinical studies are ongoing with S. aureus toxin neutralizing antibodies that have the potential to address the question whether this alternative approach offers benefits for ventilated patients by preventing S. aureus VAP and improving disease outcome and mortality rates.
